Summary Photodynamic therapy (PDT) is a cancer treatment based on the interaction of light and a photosensitizing chemical. The photosensitizer protoporphyrin IX (PpIX) is generated via the haem biosynthetic pathway after administration of aminolaevulinic acid (ALA). The cellular microenvironment of tumours is hypoxic and acidotic relative to normal tissue, which may influence PpIX generation and compromise PDT efficacy. This study used bladder cancer cells, incubated with ALA at various oxygen tensions and H+ ion concentrations, and assessed the effects on PpIX generation and PDT sensitivity. PpIX production was reduced at 0%, 2.5% (19 mmHg) and 5% (38 mmHg) oxygen compared with that at 21% (160 mmHg) oxygen (0.15, 0.28 and 0.398 ng g-1 protein compared with 0.68 ng jg-' respectively; P < 0.05). The response to PDT was abolished by hypoxia, as a result of both reduced PpIX synthesis and reduced PDT toxicity. PpIX production was greater at pH 7.0 and 6.5 (0.75 and 0.66 ng gg-1) compared with that at pH 7.4 and 5.5 (0.41 and 0.55 ng jig-1 respectively).
Keywords: hypoxia; pH; aminolaevulinic acid; photodynamic therapy Photodynamic therapy (PDT) is a promising treatment modality for cancer and is based on the generation of reactive oxygen species by the interaction of light, a photosensitizer and oxygen (Weishaupt et al, 1976) . Aminolaevulinic acid (ALA) is currently undergoing clinical trials as a means of inducing photosensitization for PDT of bladder (Kriegmair et al, 1996) and skin cancers (Cairnduff et al, 1994) . It is well established that photodynamic toxicity using haematoporphyrin derivative (HPD) can be almost completely abolished by hypoxia. Unlike HPD, aminolaevulinic acid is a prodrug requiring cellular conversion to the photosensitizer protoporphyrin IX (PpIX) by the enzymes of the haem biosynthetic pathway (Tait, 1978) . Many of these enzymes are oxygen dependent (Sano and Granick, 1961; Poulson and Polglase, 1975) . In addition, the uptake of ALA by cells may depend on an active transport mechanism that is pH sensitive (Bermudez Morretti et al, 1993) .
In human tumours above a certain size, the tumour cells are unable to obtain by diffusion alone the necessary substrates required for survival. Therefore, tumours induce the development of a microcirculation that is often both structurally and functionally abnormal (Vaupel, 1994) . This may result in a heterogeneous tumour microenvironment for oxygen tension, pH, nutrient supply and drug delivery. The aim of this study was to investigate whether oxygen tension and pH influence the efficacy of ALA-induced PDT in vitro.
In normal tissues, the oxygen tension is usually in the range of 5-10%, whereas, in tumours, values of 0-5% are more usual (Vaupel, 1994) . These values represent a wide range of oxygenation levels within a tissue and depend on the balance between cellular metabolic demands and the distance from the nearest perfused blood vessel. This results in zones of well-oxygenated cells near each vessel and severely hypoxic cells beyond the oxygen diffusion distance (Vaupel, 1994) . The lifespan of hypoxic cells is short and they may exist in a non-proliferative state (Amellem and Pettersen, 1991) . However cells retain the ability to migrate and proliferate and, as a consequence, may contribute to both metastasis and tumour recurrence (Krtolica and Ludlow, 1996) . Hypoxic cells are therefore a significant factor in cancer therapy as they are relatively resistant to radiotherapy (Hewitt and Wilson, 1959) . The mechanism of action of PDT is similar to radiotherapy as both predominantly achieve cytotoxicity by generating reactive oxygen species (Henderson and Miller, 1986) . In order to obliterate this resistant subpopulation of cells, without exposing surrounding normal tissues to excessive radiation doses, radiotherapy regimens are fractionated. This permits reoxygenation of hypoxic tumour cells, cell cycle reassortment and allows time for normal adjacent cells to undergo repair. It is not known whether similar fractionation regimens would improve the efficacy of PDT.
In addition to intrinsic tumour hypoxia, the process of PDT itself induces hypoxia, as the generation of reactive oxygen species is an oxygen-consuming process (Foster et al, 1991) . PDT also damages the microcirculation causing hypoxia within minutes of treatment commencing (Star et al, 1986; Reed et al, 1989) . The effects of intrinsic tumour hypoxia and PDT-induced hypoxia may therefore influence the efficacy of PDT. It is well established that hypoxia can abolish HPD-induced PDT cytotoxicity as a result of reduced production of reactive oxygen species (Mitchell et al, 1985) . Only low levels of oxygen are required for HPD-induced PDT to be effective, with toxicity being abolished at 0% oxygen, restored to 50% efficacy at 1% oxygen, with maximal efficacy at just over 2% (Moan and Sommer, 1985) . With ALA-induced PDT, a second factor may also be important, namely a reduction in the synthesis of PpIX by hypoxic cells. When glycine and succinyl Co-A are used as the substrates for haem synthesis, the rate of PpIX generation is reduced by hypoxia (Falk et al, 1959) . It is not known whether this occurs when the requirement for ALA synthetase is bypassed by provision of exogenous ALA.
Poor perfusion of tumours, in addition to causing hypoxia, results in areas of acidosis due to increased generation and reduced clearance of lactic acid. Normal tissues have extracellular pH values of 7.0-7.4, whereas in tumours pH values are usually in the range 6.5-6.8, but values as low as 5.5 have been reported (Vaupel et al, 1989) . Constant intracellular pH values are usually maintained by intracellular buffers, proton pumps and bicarbonate importation. In conditions of extreme hypoxia, acidosis and energy depletion, intracellular pH may also fall (Musgrove et al, 1987) . pH may influence ALA-induced PDT. ALA enters the cell by an energy-dependent transport system that is maximal at an extracellular pH of 5.0 (Bermudez Morretti et al, 1993) . In addition, the optimal pH values for the enzymes of the haem biosynthetic pathway are 7.0 for uroporphyrinogen decarboxylase (Romeo and Levin, 1971) , 7.5 for coproporphyrinogen oxidase (Batlle et al, 1965) and 7.45 for protoporphyrinogen oxidase (Poulson and Polglase, 1975) . Thus, changes in both extracellular and intracellular pH may influence ALA-induced PpIX synthesis. Low pH values may also influence cellular sensitivity to PDT by inducing cellular quiescence (Musgrove et al, 1987) . Quiescent cells are less sensitive to PDT than proliferating cells (Schick et al, 1995) .
The aim of the present study was to investigate the influence of hypoxia and acidosis on PpIX generation and PDT sensitivity in human bladder cancer cells in vitro. The contribution of hypoxia to PpIX generation and intrinsic PDT toxicity was studied independently by inducing hypoxia for either the ALA incubation period only, light exposure only or both.
METHODS

Cell culture techniques
HT 1197 is an immortalized tumour cell line derived from a poorly differentiated transitional cell carcinoma of the bladder (Rasheed et al, 1977) and obtained from the European Collection of Animal Cell Cultures (ECACC, Porton Down, UK). Cells were cultured in Dulbecco's modified Eagle medium (DMEM, Gibco, UK), supplemented with 10% newborn calf serum (NBC, Gibco, UK), 1% penicillin and streptomycin (Gibco, UK) and 1% non-essential amino acids (Gibco, UK). Cells were fed every 48 h and passaged once to twice weekly. Cell cultures for passage were detached by exposure to trypsin 0.05% and EDTA 0.02% (Gibco, UK). Cells were used between passage 18 and 40. Cultures were maintained at 37°C in air supplemented with 5% carbon dioxide.
For routine passage, the cells were grown in standard T 80 tissue culture flasks (Nalge Nunc International, Denmark). For PpIX generation under hypoxic conditions, cells were plated onto glass Petri dishes coated with type IV collagen solution (30 ,ug ml-', Sigma Chemicals, UK) to prevent oxygen dissolved in the standard plastic tissue culture vessels diffusing into the media during the experiments (Chapman et al, 1970 PpIX estimation This method has been previously published (Wyld et al, 1997) . Briefly, exponentially growing tumour cells were incubated with 1 mM ALA in complete media for 4 h in the dark at 37°C. The cells were detached with trypsin/EDTA solution (as for passage), centrifuged and resuspended in a 50:50 mixture of methanol and 0.9 M perchloric acid. The cell suspension was then homogenized with a tissue homogenizer (Ultraturrax, Janke and Kunkel, Germany). The PpIX fluorescence was measured with a spectrofluorimeter (excitation at 406 nm, emission at 604 nm, PerkinElmer LS-3 fluorescence spectrometer). The absolute amount of PpIX per ml was calculated from a previously determined standard curve. PpIX in the media was determined by mixing the media with an equal volume of methanol and perchloric acid, centrifuging to remove the protein precipitate and measuring the fluorescence intensity of the supernatant. PpIX levels were expressed as ng jig-' protein, determined using the Lowry method (Lowry et al, 1951) . Three triplicate repeats (n = 9) of each experiment were carried out.
MTT assay
This technique allows quantification of cell survival after a cytotoxic insult. MTT (3-4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide; Sigma Chemicals, UK) is metabolized by the mitochondrial enzyme lactate dehydrogenase to a violet-coloured formazan product in a quantitative manner (Stratford and Stevens, 1989) . The optical density of the product is quantified by absorbance spectrometry using a 96-well plate reader with absorbance at 550 nm. MTT, 0.5 mg ml-', was added to each well of a 96-well plate and incubated for 2 h at 37°C. The media was then removed and replaced with 200,l of dimethylsulphoxide (DMSO) (Sigma Chemicals) to solubilize the formazan. The plate was then read on an ELISA plate reader (Anthos Labtec Instruments) at 550-nm absorbance. The initial plating density was first determined by plating serial dilutions of cells into the wells of a 96-well plate and comparing the direct haemocytometer count with the colour density produced. All further experiments used a cell density within the linear portion of the curve.
PDT
This method has been previously published (Wyld et al, 1997) . Briefly, cells were plated into the wells of either a standard 96-well plate for pH experiments or silicone-insert wells on a glass Petri dish. The cells were then incubated with media modified for pH or oxygen tension containing 1 mM ALA for 4 h. The ALAcontaining media was then removed and replaced with standard culture media and the cells were exposed to violet light (50 mW mercury arc lamp with a 350-to 450-nm broad band-pass filter block (G 513 602, Leica, UK) with a maxima at 410 nm, at a total dose of 0.5 j cm-2). The cells were then returned to the incubator for 24 h and an MTT assay was performed. Controls for light alone, ALA alone and neither were also performed under identical oxic culture conditions for each experiment. Percentage survival was determined according to the following equation: The mean optical density of the blank wells on the 96-well plate was subtracted from all optical density readings before data analysis.
Three triplicate repeats (n = 9) were performed for each experiment. The following modifications to the basic protocol were performed to study the effects of hypoxia and pH variations.
Hypoxia induction and monitoring
Initial calibration experiments suggested that degassing media by incubation under pure nitrogen with no agitation was slow, taking 2 h for 0% oxygenation to be achieved. For this reason the media was degassed before use by bubbling with oxygen-free nitrogen (medical grade, British Oxygen Corporation, Guildford, UK) in a sealed flask with constant agitation. The oxygen tension in the media was measured with a clark-type electrode (Jenway 9010 DO2 Converter) with a sensitivity of ± 0.2%.
Hypoxia chambers
For studies of PpIX generation, an airtight chamber was constructed from opaque black Perspex with a transparent lid to allow inspection of the chamber's contents. An additional removable opaque lid rendered the chamber lightproof. The chamber had a gas inflow port connected to a variable supply of medical-grade oxygen-free nitrogen, oxygen and carbon dioxide (British Oxygen Corporation), a gas outflow port connected to a Servomex Oxygen Analyser (DA 101, Mk II, Servomex Controls) and an additional port through which media could be added to, or removed from, cell culture dishes within the chamber without allowing contamination with room air. The whole chamber was maintained at 37°C within an incubator.
A second similar chamber was used for PDT under hypoxia, but both the base and the lid were transparent to allow light administration for PDT. Evaporation of the culture media during experiments was reduced by the floor of the chamber being covered with a thin layer of water in which the Petri dishes stood [degassed by addition of 0.6 mg ml-' of dithionate (Sigma Chemicals), which reduced the oxygen content to zero].
Effect of hypoxia on PpIX generation
Exponentially growing cells in 8-cm diameter glass Petri dishes were placed in the hypoxia chamber and the system allowed to equilibrate to the required oxygen tension by continual flow of a preset mixture of oxygen, nitrogen and carbon dioxide. The media covering the cells was then completely aspirated and replaced with media containing 1 mM ALA, which had been equilibrated to the required oxygen tension by bubbling for 15 min with medicalgrade, oxygen-free nitrogen (British Oxygen Corporation). The cells were maintained at 37°C for 4 h and PpIX assayed in both the media and the cells. The oxygen tensions used for these experiments were 0, 2.5, 5, 7.5, 10, 12.5, 15 and 21%. 0, 2.5 and 5% are representative of oxygen tensions for cells within tumours; 5, 7.5 and 10% represent normal tissues; and 21% is the oxygen tension used in most tissue culture experiments. Carbon dioxide levels were adjusted to 5% for all experiments.
Effect of hypoxia on PDT Hypoxia may affect ALA-induced PDT by both inhibition of PpIX synthesis and by reducing the toxicity of the PDT itself. To separate out the relative contributions of these effects, hypoxia was induced either for the ALA incubation period only, the light treatment (PDT) only or for both. Hypoxic PDT, hypoxic ALA incubation Exponentially growing cells plated into the miniwells of glass Petri dishes were placed inside the hypoxia chamber and the chamber flushed with a gas mixture, as described above, until the outflow gas had equilibrated to the required oxygen tension. The media within the wells was removed and replaced with media containing 1 mM ALA and pre-equilibrated to the same oxygen tension by bubbling with nitrogen. The cells were then incubated for 4 h at the desired oxygen tension and the ALA-containing media removed and replaced with ALA-free media at the same oxygen tension just before treatment of the cells with light. The cells were then returned to a normal tissue culture incubator for 24 h before performing an MTT assay. Controls for light alone, ALA alone and neither light nor ALA, treated to the same oxygenation changes, served as controls to correct for any cytotoxic or cytostatic effects of low oxygen tension. In addition, an identical plate was treated concurrently with PDT under normal tissue culture conditions (i.e. 21% oxygen) for all experiments, and this served as a control for normal, i.e. ambient oxic (normoxic) conditions.
Hypoxic PDT, normoxic ALA incubation
The same experimental protocol was followed as above but ALA incubation was in normoxic conditions, with hypoxia induced within the chamber and culture media 10 min before light treatment.
Normoxic PDT, hypoxic ALA incubation
The same experimental protocol was followed as above, but the ALA incubation was performed under hypoxic conditions and normoxia was restored in the chamber and culture media 10 min before light treatment.
pH modification
Culture media was allowed to equilibrate with 5% carbon dioxide in air in the tissue culture incubator. After equilibration with carbon dioxide, the pH of the media was in the range 7.3-7.4, which was then adjusted by addition of either 2 M hydrochloric acid or sodium hydroxide until pH values of 7.5, 7.0, 6.5, 6.0 or 5.5 were achieved. pH values were measured with a Schott pH meter (CG 841, Schott, Germany).
Effect of pH on PpIX generation
Exponentially growing cells in T 80 tissue culture flasks were incubated for 4 h with pH adjusted media containing 1 mM ALA. PpIX was then measured as described above. 
RESULTS
Hypoxia PpIX synthesis
After a 4-h incubation with ALA, intracellular PpIX concentrations varied with oxygen tension. Levels were lowest at 0% oxygen (0.06 ng ,ug-' protein), rising to a maximum at 10% oxygen (0.42 ng jig-' protein) and decreasing again by 21% oxygen (0.19 ng ug-' protein). Intracellular PpIX was significantly reduced at 0% (P < 0.05) and 2.5% oxygen (0.15 ng ig-I protein, P < 0.05) compared with that at 21% oxygen (Figure 1) . A similar pattern was observed with total PpIX production (intracellular PpIX plus media PpIX). Low PpIX levels at 0% oxygen (0.15 ng jg-1 protein), maximal production at 10% (1.2 ng jig-1 protein) and decreasing again at 21% (0.68 ng jg-' protein). Total PpIX production was significantly reduced at 0, 2.5 and 5% oxygen (0.28 and 0.39 ng jg-' protein respectively; P < 0.05) compared with that at 21% oxygen (Figure 1 Using hypoxic conditions during both ALA incubation and light treatment, cell survival was significantly greater at 0, 2.5 and 5% oxygen (99.3, 81.3 and 64.7% respectively; P < 0.05) than under normoxia during treatment (48.3%), with complete abolition of PDT toxicity at 0% oxygen. At oxygen tensions of 10% and above, there was no detectable difference in PDT toxicity compared with the normoxic control (Table 1) .
Hypoxic PDT normoxic ALA incubation
With normoxic ALA incubation and hypoxic light treatment, PDTinduced toxicity was significantly reduced only at 0% oxygen (74.5% survival compared with a normoxic control survival of 54%; P < 0.05). However there were no differences from control toxicity at increased oxygen tensions (Table 1) .
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With hypoxic ALA incubation and normoxic light treatment, PDTinduced toxicity was significantly reduced at 0% and 2.5% oxygen (106% and 58.3% respectively; P < 0.05). At 0% oxygen, PDTinduced toxicity was again completely abolished (Table 1) .
Control survival
There was no detectable reduction in cell survival due to a 4-h period of hypoxia (0-15% oxygen, data not shown). There was no detectable toxicity due to light alone or ALA alone at any of the oxygen tensions studied (data not shown). The silicone inserts had no detectable effect on oxygenation of the media (data not shown).
Acidosis
PpIX synthesis Intracellular PpIX generation was maximal at pH 7.0 (0.33 ng jg-' protein). Both increasing and decreasing pH resulted in decreased PpIX synthesis (0.16 ng gg-I protein at pH 7.5 and 0.158 ng jg-I protein at pH 5.5). A similar pattern was seen with total PpIX synthesis (intracellular PpIX plus media PpIX), with PpIX production at pH 7.0 and 6.5 (0.75 and 0.66 ng ig-' protein) being significantly greater than at pH 7.5 (0.41 ng jig-I protein, P < 0.05).
Total PpIX production approximately doubled at pH 7.0 compared with production at pH 7.5, 6.0 and 5.5 (Figure 2 ).
PDT
Percentage cell survival after PDT at different pH values, compared with a pH-matched control, was significantly higher at pH 7.5 (76%) compared with survival at pH 7.0, 6.5, 6.0 and 5.5 (65, 64, 57 and 62% respectively; P < 0.05; Figure 3 ).
Control survival
There was no reduction in cell survival at pH 6.0. However, a 9% reduction was observed at pH 5.5 (P < 0.05). As pH-matched controls were used to calculate the toxicity due to PDT alone, the overall toxicity of the cells treated with PDT at pH 5.5 was greater than that shown in Figure 3 (45% cell survival vs 62.3% when corrected for pH toxicity). (Ackroyd et al, 1997) , or in situ disease, such as bladder carcinoma in situ. Fractionation of PDT, allowing tumour reoxygenation, may overcome this problem, as in radiotherapy. However, in vivo, the situation is more complicated, with a significant contribution to cytotoxicity from PDT-induced microcirculatory shutdown, which may kill PDT-resistant hypoxic cells by inducing more profound hypoxia (Reed et al, 1989) .
Several strategies to improve the efficacy of PDT by overcoming the detrimental effects of hypoxia have been studied. Hypoxic radiosensitizers, such as mizonidazole, which substitutes for oxygen in accepting radicals, have enhanced cancer cure rates (Hirsch et al, 1987) . Concommitant use of chemotherapeutic agents that target hypoxic cells, such as mitomycin C, which is selectively metabolized to toxic intermediates by hypoxic cells, have also shown promise (Baas et al, 1996) . Another potent bioreductive drug, tirapazamine (SR 4233), is currently undergoing clinical trials and may be used as an adjunct to PDT, although initial in vivo studies have only shown a slight improvement in survival with this agent (Baas et al, 1993) . Simply increasing the inspired oxygen concentration or carbogen breathing has not improved survival (Fingar et al, 1988) . The effect of repeated treatment regimens has not been studied.
Another tumour microenvironmental factor that may influence PpIX generation and PDT efficacy is acidosis. In the present study, the effect of pH on PpIX generation was biphasic, with maximal synthesis at pH 7.0. Both extracellular and intracellular pH may affect PpIX generation. The extracellular pH of normal tissues is between 7.1 and 7.4. The cellular uptake of ALA is regulated by a pH-dependent pump that is more effective at an extracellular pH of 5.0 (Bermudez Morretti et al, 1993) . If this pH-dependent pump was the only factor regulating PpIX generation, PpIX production would increase as extracellular pH decreased, to a maxima at pH 5.0. However, it is known that below an extracellular pH of 6.5, the intracellular pH may decrease (Musgrove et al, 1987) . This may inhibit the activity of enzymes in the haem biosynthetic pathway, which have optimal activity between pH 7 and 7.5. It is also probable that cells in acidotic conditions have inhibited metabolic functions leading to a reduction in their proliferation rate, which is known to inhibit PpIX production (Schick et al, 1995) . The reduction in PpIX production at the highest pH value studied (7.5) suggests that this bladder cancer cell line is tolerant of acidosis. The biphasic response of PpIX production in this study has also been demonstrated by Bech and colleagues (1997), although the maximal PpIX production was at pH 7.5, with a decrease in PpIX production at a pH of 8.0, which was attributed to a reduction in cell viability at the higher pH value. The lower pH for maximal PpIX production found with HT 1197 cells may reflect differences in cellular sensitivity to pH changes.
The effect of pH on PDT toxicity is only partly reflected by the cellular PpIX levels. At pH 7.5, at which PpIX production is relatively low, the cells are relatively PDT resistant. At pH 7.0 and 6.5, at which PpIX levels were maximal, PDT sensitivity was enhanced. However, at the lowest two pH values studied, 6.0 and 5.5, PDT sensitivity was the same, despite the lower PpIX generation rates. (This is despite correction for the small but significant toxicity of pH 5.5.) It may be that under acidotic conditions, cells are more susceptible to free radical toxicity, possibly because of a decrease in intracellular pH, which may alter the activity of cellular repair enzymes and the ability to scavenge free radicals.
In summary, both hypoxia and acidosis influence the rate of PpIX generation from ALA and the subsequent cellular sensitivity to PDT. At levels of hypoxia normally observed in tumours, it is probable that PpIX production and PDT sensitivity are markedly inhibited in areas beyond the oxygen diffusion distance. The effect of acidosis is biphasic. At moderate levels of acidosis, PpIX production and PDT sensitivity are enhanced, whereas, with severe acidosis, PpIX production returns to normal levels but PDT sensitivity is enhanced. In the tumour microenvironment, acidosis and hypoxia coexist. It is not known how these two factors interact, although studies are currently in progress using a multicellular spheroid model (with both bladder and breast cancer cell lines) to further define these interactions.
